Electrical stimulation of retinal neurons offers the possibility of partial restoration of visual function. Challenges in neuroprosthetic applications are the long-term stability of the metal-based devices and physiological activation of retinal circuitry.
The activation of neurons by extracellular current is the major principle underlying implantable neuroprosthetic devices. Clinical applications include cochlear implants (Wilson and Dorman 2008) , deep brain stimulation for the treatment of Parkinson's disease (Krack et al. 2003; Montgomery and Gale 2008) and most recently retinal implants (Ahuja et al. 2011; Zrenner et al. 2011) . Although all approaches show a remarkable success, improvements in electrode properties are required to enhance prosthetic performance and stimulus protocols are needed that target specific neuronal classes within a circuit.
To study the mechanism of neuronal stimulation in brain tissue we used a multicapacitor-array that is part of a CMOS-based silicon chip . For technological reasons the entire CMOS chip is insulated by a thin and chemically inert oxide layer (TiO 2 /ZrO 2 ). The insulation prevents faradaic processes which may damage the interfaced neural tissue (reviewed in Merrill et al. 2005) or may lead to electrode deterioration ). On the other hand, the insulation lowers the specific electrode capacitance compared to metal electrodes; as a consequence the maximum capacitive stimulation current is lowered. However, even small capacitive currents can elicit neuronal activity if a tight contact with neurons and brain tissue is provided (Hutzler and Fromherz 2004; Schoen and Fromherz 2008; 2007) . Specifically for the rabbit retina, it has been recently demonstrated that such a tight contact exists with the same all-oxide CMOS silicon chip used here . We therefore applied a purely capacitive stimulation to selectively stimulate neurons in the well-defined layered nervous tissue of the retina.
The electrical stimulation of the ex vivo mammalian retina using metal-based electrodes has been extensively studied in both epiretinal (Fried et al. 2006; Jensen et al. 2003; Sekirnjak et al. 2008 ) and subretinal (Jensen and Rizzo 2009; 2006; Stett et al. 2000;  Semiconductor chips with Multi-capacitor-arrays. Capacitive stimulation of neuronal activity was performed using multi-capacitor-arrays which are integrated in a CMOS (Complementary Metal Oxide Semiconductor) -based silicon chip used in previous studies for extracellular recording Menzler and Zeck 2011; Zeck et al. 2011) . To evoke action potentials in retinal neurons, a capacitor array comprising 400 equally spaced stimulation sites with a total area of 1 mm 2 was used. Each individual capacitive stimulation site extends over an area of 50x50 µm 2 and is separated from the adjacent capacitors by a gap of ~0.5 µm ( Fig. 1B, C) . The capacitor consists of a platinum electrode separated from the conductive electrolyte by a thin (~30 nm) TiO 2 /ZrO 2 layer. Arbitrary subsets of individual capacitors can be combined by a shift register implemented in the CMOS chip which contains the information concerning the sites to be selected. Once the shift register is loaded, a single external waveform generator applies the stimulus to the specified capacitors. The CMOSbased chips are wire-bonded to standard ceramic packages (CPGA, Spectrum, San Jose,CA).
A custom-made Perspex chamber with an inner area of 12 mm 2 is attached to shield the bond contacts and to expose the stimulus array to culture medium.
Measurement of the specific oxide capacitance. For capacitive stimulation, voltage
ramps were applied between the chip and an Ag/AgCl electrode immersed in the electrolyte.
The voltage ramps are generated at 250 kHz by a high-speed I/O DAQ device (NI6259, National Instruments).
The stimulation current I (Fig. 1D) is calculated from the voltage drop measured across a serial 50 Ω resistor (Schoen and Fromherz 2007) . The resistor is in series with the Ag/AgCl electrode and represents the only ohmic contact to the bath. The voltage drop is amplified in a . In a second experiment (Fig. 1F) , AC and DC currents at different holding potentials were measured using a potentiostat (PARSTAT 2263; AMETEK Princeton Applied Research, Oak Ridge, USA) as described in (Wallrapp and Fromherz 2006) and used to calculate the specific capacitance at different frequencies. The preparation of the retina follows previous reports Zeck and Masland 2007 
Preparation of the retina and interfacing to the

Voltage change at the terminal of a cylinder-like neuron in a homogenous electric
field. The stimulation of bipolar cells or photoreceptors is modelled using a simple biophysical model of a cylinder-like non-leaky passive cell in a homogenous electric field.
Classic theory predicts that a cable of finite length placed in a longitudinal static electric field is hyperpolarized along its anode-facing half and depolarized along its cathode-facing half.
The maximum voltage drop occurs at the end of the cable and amounts to 2 L V E Δ = ⋅ for a non-leaky cell with electrotonic distances much larger than the cell length L (Plonsey 2007) .
The electric field is given by of the electrolyte and on the geometry of the square-shaped capacitor (Muzychka et al. 2003) .
The voltage in the retina is numerically calculated using Mathematica 5 (Wolfram Research) and displayed for selected square-shaped capacitors in Fig. 7A . 
Characterization of the capacitive stimulation array
The results presented in this study were obtained using 400 square-shaped stimulation sites that form a multi-capacitor array (Fig. 1A, B) . The entire surface of the array is insulated by a chemically inert oxide layer (Methods). Underneath the oxide each stimulation site (50 x 50 µm 2 ) is defined by a platinum contact (Fig. 1C) . The distance between adjacent oxidecovered electrodes is 0.5 µm only. To probe the nature of the stimulation current we applied voltage ramps to the chip. An Ag/AgCl electrode immersed in the electrolyte served as counter electrode. At a chip holding potential up to 1.3 V there was no measurable (upper bound: 0.3 µA/cm 2 ) current flow across the oxide (Fig. 1D) . During the voltage ramp a constant current was detected at the Ag/AgCl electrode ( Fig. 1D, Methods) . After the termination of the voltage pulse the current trace returned to zero. We thus infer that the current induced by the voltage ramp is purely capacitive. The stimulus parameters (voltage amplitude 1V, stimulation time 10 ms, and measured current density 0.3 mA/cm 2 ) were used to estimate the value of the specific oxide capacitance to 3 µF/cm 2 . Increasing the stimulation area while keeping all other parameters constant led to a linear increase of the capacitive current ( Fig. 1E) . The small gaps between capacitive stimulation sites did not distort the capacitive current. The falling voltage ramps shown in Fig. 1D lead to monophasic cathodal currents. Rising voltage ramps lead to constant anodal currents without faradaic components.
In a second experiment we probed the frequency-dependent specific capacitance using a potentiostatic method as described in (Wallrapp and Fromherz 2006) and in the Method section. At each of the three frequencies tested (100 Hz, 1 kHz, 10 kHz) the specific capacitance remained constant within the voltage range of 0 V -1.2 V (Fig. 1F) . The upper bound of putative leakage current is given by the accuracy of the potentiostat (0.5 µA/cm 2 ). In the remainder of the study all values are calculated using the specific oxide capacitance of 3 µF/cm 2 . The presented multi-capacitor array shows on one hand perfect insulation to the electrolyte and on the other hand capacitance values attractive for neuronal stimulation. In the following we applied purely capacitive monophasic currents (amplitude range: 3x10 -3 -60 mA/cm 2 ) of different duration (0.05 -100 ms) to retinal tissue. Qualitatively similar passive voltage traces were recorded for cathodal-epiretinal and anodalsubretinal currents.
We identified single-cell activity in the recorded voltage traces ( Fig. 2C-D) by increasing the stimulation current above threshold. If the recording electrode was in close proximity to a ganglion cell, the voltage trace contained an 'activity' signal in addition to the 'passive' tissue response. The stimulation induced electrical activity was identified as follows.
We applied each stimulus fifty times. The average response was subtracted from each individual recording. Above a certain current threshold in the difference signals voltage deflections became visible which are similar in shape to extracellular ganglion cell signals ( Fig. 2C, trace iii) . The first of such signals appeared within one millisecond. To confirm that the difference signals indeed reflect neuronal activity we added the sodium-channel blocker TTX (0.2 µM) to the perfusion solution. Under these conditions all stimulated ganglion cell activity was inhibited ( Fig. 3) . We thus conclude that ganglion cell action potentials were detected without delay following stimulus onset. A similar methodology has been applied recently using metal-based electrodes (Sekirnjak et al. 2008 ). The procedure for identification of action potentials applies to epiretinal and subretinal configuration ( Fig. 2C-D) . In epiretinal or subretinal configuration a burst of action potentials with latencies in the range of 0.5 -80 milliseconds was recorded. For display purpose only the first 12 ms are shown in Fig 2C- 
In the following we investigate the cellular origin of the activity burst.
Identification of the stimulated action potential's cellular origin
The cellular origin of electrically evoked spikes was first identified using pharmacological experiments. In epiretinal configuration two monophasic stimuli of different polarity (duration: 1 ms, current density: 1.8 mA/cm 2 , stimulus area: 500 x 500 µm 2 ) separated by 100 milliseconds were repeatedly applied ( Fig. 3A) . We recorded spiking activity from an ON ganglion cell (Fig. 3A) as confirmed by light stimuli prior to electrical stimulation. The spiking activity in subretinal configuration will be discussed in a subsequent paragraph. The cathodal epiretinal stimulus evoked a complex burst pattern of action potentials with the first spike appearing within 1 millisecond after stimulus onset. The application of L-AP4, as described above, inhibited the last burst of ganglion cell spikes, which appeared within 30 -60 milliseconds after stimulus onset ( Fig. 3B, second The stimulated activity in the presence of CNQX and L-AP4 was limited to one single spike, which appeared within one millisecond after cathodal stimulus onset (Fig. 3C) . This experiment indicated that intermediate spikes recorded from the ON retinal ganglion cell (range 2 -30 ms) are caused by the activation of excitatory input to ganglion cells (Fried et al. 2006 ). The first stimulated spike (delay with respect to stimulus onset < 1ms) represents a direct activation of the ganglion cell and could be inhibited when the sodium-channel blocker TTX was added to the electrolyte ( Fig. 3B and C) . This type of stimulation has been analyzed recently for the epiretinal configuration (Boinagrov et al. 2010 , Fried et al. 2009 , Sekirnjak et al. 2008 . We conclude that a single cathodal epiretinal stimulus (500 x 500 µm 2 ) excites all three excitatory retinal cell classes. A similar complex burst pattern was measured for OFF ganglion cells as well ( Fig.   3D ). However, for the OFF ganglion cell pathway L-AP4 does not block the photoreceptor -OFF bipolar transmission and thus a thorough pharmacological identification of the ganglion cell spikes' pre-synaptic origin is not possible.
Mirror-symmetry between epiretinal and subretinal stimulation
To investigate biophysical principles underlying the stimulation of bipolar cells and photoreceptors we compared the experiment performed in epiretinal configuration ( Fig. 3) with an experiment in subretinal configuration with otherwise identical stimulus parameters.
The spike trains recorded in fifty stimulus repetitions of the protocol shown in Fig. 3 are summarized in Fig. 4A-B . The activity of the ON ganglion cell following monophasic anodal currents in epiretinal configuration has a single maximum ~ 18 ms after stimulus onset ( Fig. 4A) . The post-stimulus histogram following cathodal currents has three peaks: one peak within one millisecond; a second peak ~ 5 ms after stimulus onset (white columns, Fig. 4B) ,
and a third peak ~ 44 ms post-stimulus (grey columns, Fig. 4B ). The first peak is not presented and will not be considered in the remainder of this study. The second peak of the ganglion cell activity (Fig. 4B) was inhibited by application of CNQX and L-AP4 and thus attributed to bipolar cell activation (Fig.3C) . The late ganglion cell response was abolished by L-AP4 alone and was thus attributed to the activation of photoreceptors. Activity between the two peaks (5 and 44 ms) most likely arises from time-shifted bipolar cell response (hatched columns) or from spontaneous activity. In a second experiment we applied the same stimulus protocol (duration: 1 ms, current density: 1.8 mA/cm 2 , stimulus area: 500 x 500 µm 2 ) to another retina interfaced to the multicapacitor-array in subretinal configuration. The induced activity was recorded again from an ON ganglion cell (Fig. 4C) for fifty stimulus repetitions. The anodal subretinal pulse elicits a complex burst pattern. The post-stimulus time histogram of the ganglion cell response has three peaks: a very fast peak (1 ms latency, not shown in Fig. 4C) , an intermediate peak (latency: ~ 6 ms, white columns, Fig. 4C ) and a late peak (~ 40 ms, gray columns Fig. 4C) .
This behaviour is similar to the ganglion cell response to a cathodal epiretinal pulse. In contrast, the cathodal subretinal pulse elicited ganglion cell spikes with an average latency at ~ 20 ms (Fig. 4D) . These spikes did not appear when L-AP4 was added to the electrolyte (data not shown). This response pattern is similar to the anodal epiretinal pulse.
This simple experiment using one stimulus protocol indicates symmetry in the ON ganglion cell response pattern between epiretinal cathodal and subretinal anodal stimulation on the one hand and for epiretinal anodal and subretinal cathodal stimulation on the other hand. We confirmed this mirror-symmetry for two OFF ganglion cells (Fig 4E-H) . The poststimulus time histograms were qualitatively similar to the ON ganglion cells (Fig. 4A-D) .
However, we measured considerably longer spike latencies for all response phases of the burst pattern. The variability of response phases may be caused by different ganglion cell circuitries which lead to different light-induced response latencies as well .
We considered the threshold current. We selected this relatively high threshold to avoid errors in threshold evaluation due to spontaneous or jittered activity (hatched columns in Fig. 4) .
Measurements for five ON ganglion cells in epiretinal configuration and three ON ganglion cells in subretinal configuration were evaluated. For each epiretinal stimulus the ganglion cell response was separated in three parts (see Fig. 4A-B as suggested by the symmetry presented in Fig. 4 -we evaluated for each stimulus duration the threshold current densities ( Fig. 5A-C) . Two important features were common to each stimulus-response protocol: (i) the current threshold densities increased when stimulus duration was reduced ( Fig. 5A-C) and (ii) the current threshold densities were similar (within the standard error) in both configuration (epiretinal and subretinal) for each of the three response parts at a given stimulus duration. An exponential approximation of the strengthduration curves (Lapicque 1907) allows to fit a stimulus strength for infinite stimulation (rheobase) and the pulse duration at twice rheobase (chronaxie). These parameters are assumed to be characteristic for electrical stimulation (Plonsey and Barr 2007) . In our experiments the approximated rheobase and chronaxie values for epiretinal anodal (subretinal cathodal) currents (Fig. 5A) were 0.018 mA/cm 2 (0.06 mA/cm 2 ) and 106 ms (80 ms) respectively. These chronaxie values are, however, longer than the ganglion cell response latency (~ 20 msec, Fig. 4A, D) and are therefore not an appropriate stimulation parameter here. For intermediate-latency spikes following cathodal epiretinal and anodal subretinal currents (Fig. 5B ) the rheobase and chronaxie were similar in the epi-and subretinal configuration (rheobase: 0.31 mA/cm 2 -epiretinal, 0.65 mA/cm 2 -subretinal; chronaxie: 6.5 ms -epiretinal, 3 ms -subretinal). We could not elicit intermediate spikes with current pulses longer than 10 ms (Fig. 5B) . Late spikes (Fig. 5C) following subretinal anodal stimuli displayed a rheobase of 0.12 mA/cm 2 and a chronaxie of 15 ms. However, late spikes following epiretinal cathodal stimuli display a rheobase of 0.03 mA/cm 2 and a chronaxie values of 58 ms. This mean chronaxie value is longer than the response latency (~40 ms, Fig.   4B -C) and therefore not an appropriate stimulation parameter. In summary, individual current thresholds were mirror-symmetric for epiretinal and subretinal configuration. However, as threshold current densities do not change for stimuli longer 20 msec ( Fig. 5A and Fig. 5C ) the approximation using Lapique's theory failed on one hand but indicated on the other hand, that photoreceptors have a lower rheobase than bipolar cells. Aiming for a biophysical description of the stimulation mechanism we conducted an additional set of experiments. We investigated the area-dependence of the threshold current density for different capacitor areas (range: 100 x 100 µm 2 to 900 x 900 µm 2 ) ( Fig. 5D-F) .
We evaluated the experiments for a subset of the ON ganglion cells presented in Fig. 5A -C (n = 3 in subretinal and n = 2 in epiretinal configuration). The stimulus presentation time was 1 ms in all experiments. In Fig. 5D-F) we present the current threshold densities for each cell and for each response latency individually (Fig. 4) . Except for one ON ganglion cell in epiretinal configuration and for small stimulation areas (100 x 100 µm 2 ) the stimulation thresholds were similar. We note a general increase of stimulation threshold for smaller capacitor areas.
The presented symmetry between retina-array configuration and current polarity ( Fig.   4 and Fig. 5) can be explained by the polarization of cylinder-like cells in a homogenous electric field (Methods). In the electric field above the relatively large capacitive electrodes the terminals of the cylinder-like bipolar cells that are close to the ganglion cell (Fig. 2, Fig.   4, Fig. 5B and Fig. 5E A related mechanism may govern the photoreceptor activation by currents of opposite polarity (Fig. 2, Fig. 5A and Fig. 5D ). It is well known that hyperpolarization of photoreceptor terminals leads to action potentials in ON ganglion cells. This hyperpolarization is achieved by anodal currents in epiretinal configuration and by cathodal current in subretinal configuration. However, using the capacitor areas centred on the ganglion cell we cannot infer why photoreceptors-induced ganglion cell spiking is measured in both configurations with both current polarities. Therefore we performed an additional set of experiments where we stimulate photoreceptors at different positions with respect to the ganglion cell soma.
Receptive field mapping of the ganglion cell using stripe like capacitors
We used rectangular stimulation areas (100 x 1000 µm 2 ) that were presented at equally spaced (distance: 50 µm) positions across the array (Fig. 6A) . A similar protocol using rectangular electrodes has been shown to stimulate roughly the ganglion cell's receptive field centre (Jensen and Rizzo 2009; Stett et al. 2000) . The receptive field centre of a ganglion cell corresponds to the retinal area covered by photoreceptors that excite the cell via excitatory bipolar cells. Photoreceptors in the so-called receptive field surround inhibit a retinal ganglion cell by signal transmission through inhibitory interneurons (horizontal cells and amacrine cells).
We first studied the receptive field centre and surround of ON ganglion cells in subretinal configuration. Cathodal pulses (current density: 3 mA/cm 2 , stimulus presentation time: 1 ms) evoked action potentials in an ON ganglion cell (Fig. 6B ) over a distance of 467 µm (FWHM, full width at half maximum). This activity is caused by the activation of photoreceptors (Fig. 4) . We determined the response probability by counting the percentage (Fig. 6B) . Such spikes are caused by the activation of bipolar cells ( Fig. 4) in the ganglion cell's receptive field centre. The slight decay of the response probability in the midst of the receptive field centre (Fig. 6B ) may be caused by differential excitability of the receptive field microstructure (Brown et al., 2000) and is not found for all cells.
The anodal subretinal stimulus evokes late ganglion cell spikes (30 -60 ms after stimulus onset) that are attributed to photoreceptor stimulation (Fig. 4) . The spatial extension of the response profile (FWHM: 920 µm) is more than twice as large as that measured for the photoreceptor or bipolar cell-induced intermediate latency spikes (Fig. 6B) . This wide stimulation range most likely corresponds to the receptive field surround.
We further studied the receptive field centre and surround of ON ganglion cells in epiretinal configuration using the same set of stripe-like stimulus presentations (Fig. 6A) .
Anodal epiretinal stimulation (Fig. 6C) We conclude that bipolar cells are excited within the ganglion cell's receptive field centre while currents of different polarities excite photoreceptors within and outside the receptive field centre in both configurations. In the following we present a simple model that explains the experimental results ( Fig. 3-6 ) based on selective de-or hyperpolarization of cell terminals in an electric field.
Model of bipolar cell and photoreceptor stimulation
The results presented in Fig. 3-6 Fig. 7B and will be quantified in the following for a specific cell length in epi-or subretinal configurations.
We disregard the variety of photoreceptor and bipolar cell subtypes (Euler and Masland 2000) and assume for either photoreceptor or bipolar cell a cable length of 40 µm (Reichenbach et al. 1991) . The adult rabbit retina is 100 µm thin (Reichenbach et al. 1991) with these two cell types superposed as shown schematically in Fig. 2A-B . We further assume for the ganglion cell layer a vertical extension of 20 µm. Following Fig. 7A-B the voltage drop above large capacitors across bipolar cells and photoreceptors represents ~ 40% of the total voltage change within the retina (Fig. 7C) . The nonlinear electric field above small capacitors ( Fig. 7A) implies a reduced polarization of distant cells (Fig. 7C) . The areadependent voltage drop across bipolar cells and photoreceptors relates to the increase in current threshold measured for different capacitors (Fig. 5D-F) . Note that bar-like stimuli (Fig. 6) evoke a voltage change similar to 200 x 200 µm 2 capacitor area.
We finally translate this simple stimulation model into a simplified retinal scheme (Fig.   8) . The anode-facing membranes of bipolar cells and photoreceptors are hyperpolarized while the opposite cell membranes are depolarized by a monophasic current. Thus anodal epiretinal or cathodal subretinal currents hyperpolarize the photoreceptor endings which are presynaptic to bipolar cell (Fig. 8A) . Hyperpolarization leads to a decrease of the dark-current i.e. to bipolar cell induced spiking in the ganglion cell. This stimulation strategy (Fig. 8A) leads to an activation of photoreceptors similar to the physiological response upon light increments.
Cathodal epiretinal and anodal subretinal currents (Fig. 8B i) depolarize bipolar cell terminals which in turn depolarize the post-synaptic ganglion cell. Bipolar cell terminals release glutamate and evoke intermediate-latency ganglion cell spikes (Fig. 3-6) . Photoreceptors in the surround of the ganglion cell's receptive field may depolarize horizontal cells (Fig. 8B ii) which excite ON bipolar cells (Duebel et al. 2006 ) and finally the ON ganglion cell. This multi-synaptic retinal circuitry leads to long-latency spikes (Fig. 3-6) . The presented stimulation scheme for ON ganglion cells is supported by pharmacological evidence (Fig. 3) and localized stimulation (Fig. 6) . However, we cannot exclude amacrine cell pathways that may contribute to the ganglion cell surround (Fried et al. 2006) . Neurons in the OFF pathway cannot be isolated pharmacologically and also receive cross-inhibition from the ON pathway (Liang and Freed, 2010) making it harder to disentangle their relative contributions to OFF ganglion cell spikes. The presented model ( Fig. 7-8 
All-oxide layer on multi-capacitor-array
The integration of hundreds of electrodes is necessary to achieve high-resolution stimulation in the retina (Palanker et al. 2005, Weiland and Humayun 2008) and other neural tissues (Kipke et al. 2008) . Integration of electrical circuitry in small, implantable devices requires CMOS technology (Chen et al. 2010; Eversmann et al. 2003) . The inert and biocompatible oxide used in this study has a two-fold advantage: (i) it prevents tissue-induced damage of the CMOS chip and (ii) it prevents damage of the interfaced tissue. The layer of TiO 2 /ZrO 2 was chosen for its high dielectric constant and its compatibility with the CMOS chip. It has been shown to be chemically stable and biocompatible with organotypic brain slices (Hutzler et al. 2006 ). In addition, it had been shown previously that TiO 2 does not deteriorate during electrical stimulation and that it is chemically far more stable than an insulating layer of SiO 2 silicon oxide under similar culture conditions (Hutzler and Fromherz,2004) . The disadvantage of an oxide-covered stimulation electrode is the reduced specific electrode capacitance compared to the double-layer capacitance of metallic surfaces in electrolyte. The specific capacitance reported here (c s ~ 3 µF/cm 2 ) is similar to values
Stimulation mechanisms of bipolar cells and photoreceptors
In this study we focus on the stimulation of elongated retinal interneurons, the bipolar cells and the photoreceptors in the ON pathway. These two cell types transmit the electrical activity across the retina perpendicular to the epi-or subretinal electrical stimulation electrodes (Fig. 2) .
Our simple stimulation model (Fig. 8) is based on depolarization and hyperpolarization of opposite cell endings. The anode facing membrane is hyperpolarised and the cathode facing membrane is depolarised in the electric field above the capacitor (Fig. 7-8) .
This hypothesis is reasonable since the resistance of the cell membrane is much higher than the cellular interior that quickly becomes equipotential after the onset of a voltage change (membrane time constant < 1 µsec, Hibino et al. 1993 ).
The stimulation mechanism presented here resembles the mechanism demonstrated for dissociated neurons on a capacitive electrode (Schoen and Fromherz 2007) . There, a difference between anode and cathode facing membrane area accounted for the stimulation result. The stimulation concept remains valid if one assumes different ion channel distribution in the anode and cathode facing membranes respectively. The photoreceptor terminals contain a variety of voltage-gated channels (Cia et al. 2005 ) that control the release of the excitatory neurotransmitter glutamate. If only bipolar cells are targeted by an electrical stimulus ( Fig. 3-6 ) the presence of voltage gated calcium channels in the axon terminal (Matthews 1999) leads to glutamate release onto ganglion cells. We note that the simplified steady-state model presented here (Fig.7 and Fig.8 ) does not consider the polarization time course of photoreceptors and bipolar cell or the activation of amacrine cells. It therefore does not account for complex ganglion cell response patterns observed for fast repetitive stimulation (Freeman et al., 2011) .
Capacitive stimulation strategies for neuroprosthetic applications
Our results have important implications for neural prostheses. With respect to capacitive stimulation, all conclusions of this study remain valid for metal-based prostheses.
Two aspects should be pointed out: (i) Considering the successful stimulation with a low capacitive current, we conclude that rather low voltages may be applied to a metal electrode with its high capacitance if a similar quality of the tissue-electrode contact is achieved. As a consequence, faradaic effects are avoided. (ii) The change of the extracellular voltage (Fig. 7) is given by the capacitive current density that is proportional to the specific capacitance and the voltage ramp amplitude (Fig. 1D) . Here the specific capacitance does not depend on hyperpolarization of photoreceptor terminals using appropriate current polarities ( Fig. 3-6 ).
This result mimics the physiological response to light increments. Selective stimulation of the ON pathway in blind mouse retinas has been demonstrated using an opto-genetic approach that targets exclusively ON bipolar cells (Lagali et al. 2008) or remnant photoreceptor somata (Busskamp et al. 2010) . The electric stimulation threshold of remnant photoreceptor somata will be higher because their morphology changes from a cylinder-like to a spheroid shape.
Selective electrical activation of the OFF pathway remains a challenge, as the ON bipolar cells need to be omitted. Long monophasic stimuli (> 10 ms, Fig. 5 ) with low current amplitudes are currently tested. Future research has to prove wether the presented strategy can be transferred to degenerated retinas, where circuit remodelling may occur (Marc et al. 2003) .
In summary, we have demonstrated the feasibility of capacitive retinal stimulation and suggested -based on ex vivo experiments -stimulation strategies that may lead to more efficient neural prosthesis. The presented concepts of selective membrane de-and hyperpolarizations may extend beyond the application for retinal prosthesis. The intricate (D) Appearance of a burst of extracellular voltage deflections near an OFF ganglion cell following anodal current pulse (left) and cathodal current pulse (right). The stimulus current parameters were: amplitude: 2mA/cm 2 , duration: 1 ms.
Figure Captions
Fig. 4: Mirror-symmetry between epiretinal and subretinal stimulation.
Top trace: A monophasic anodal current (strength: 1.8 mA/cm 2 , duration: 1 ms, area: 500 x 500 µm 2 ) is followed after 100 ms by a cathodal current pulse with otherwise similar parameters. Ganglion cell spikes are counted in time bins of 2 ms following stimulus onset. The polarization of the bipolar cell seems irrelevant here (see Fig. 3B ).
(B) (i) Cathodal epiretinal or anodal subretinal current pulses depolarize the bipolar cell terminal which leads to intermediate-latency ganglion cell spikes. (Fig. 3C and 4) (ii) The same stimuli depolarize the photoreceptor terminals. This voltage change is not transmitted directly to the ON bipolar cell but probably through horizontal cells that synapse onto ON bipolar cells. This process involving three synapses leads to long-latency spikes in the ON ganglion cell.
